N64 27395
(ide-/ =/ ¢
“asa, Co-S&708

\ ) EEG STASILITY ANALYSIS: SLEEP RECORDS'

R

Dan Brown and John M. Rhodes

URFECLTIZ L DATA

Space Blology Laboratory and Data Processing Laboratory
Graln Research Institute
Unlverslty of Californla at Los Angeles

Los Angeles, California
OTS PRICE

XEROX s 20 ph
MICROFILM g “

—_— KE E




Running Title: Stabillty Analysis

{f accepted, please return proofs to:

Dr. John M. Rhodes

Space Biology Laboratory

Bralin Research Institute
University of Californlia

Los Angeles, Callfornia 90024




-3—

Footnotes to Title Page

1. Thls work was supported In part by the Natlonal Aeronautlcs
and Space Adminlstratlon Grant #NsG 502, In part by the Alr Force
0fflce of Sclent!flic Research Grant #AFOSR 246-63, and In part
by Publlc Health Service Research Grant, NB 02501~03, from the

DIviston of Neurological Diseases and Bllndness,




INTRODUCT | ON

In recent years, automatlc analysls of the electroenceph=
alogram has become more and more complex (2) and yet farther
from actual usefulness to the cliniclan, Thls Is not sur=
prising In the 1lght of rapldly increasing sophlstication In
the blologlical use of computers, At the same time, thls Ine
creasing sophlsticatlon presents both a problem and an oppore
tunity, The difflculty arlses from the practlcal problem raised
for the cliniclan who has not the time to become a programmer or
mathematiclan. nor usually the appropriate computer facllities
at his disposal, However, the Inherent nature of these computing
technlques has the potentlal to overcome this difflculty, The
opportunity would appear to lie In the utllization of large,
general«purpose digltal computers, not for routlne analysls, but
rather In a search for the most frultful types of analysls or
the most signlflcant parameters to quantlfy EEG patterns, If,
for example,_lt were possible to define the baslc parameters
necessary to appropriate analysls of the EEG, then It should be
possible to deslgn speclal=purpose computers capable of analysing
such parameters, Thls would not relleve the cliniclan of his
responsibilities In the Integration of other clinlcal criterla with
the EEG Information, but It would provide more eonsistent data on
which to base hls judgement, The present baper Is a flrst step In

this direction, utillzing the UCLA Health Sclences computer2 (18M 7094)
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and the UCLA Space Blology Laboratory Spectral Analysis programs as
the basis for searching for the pertlnent parameters of the EEG,
(Z)We wish to express our thanks for the services provided by this
faclllty operated under NIH Grant #USPHS FR3,

The analysis of time-dependent processes in terms of their spectral
properties has long besn a favorite sclentiflc tool, In EEG and else=~
where, |Its power derives from the property that the Fourier coefflcients
for linear (Gausslan) systems are Independent even when the data Is
highly autocorrelated In the time domaln., Thus, complex waves can
be analyzed Into component parts suggestive of changing generative
processes, These are components by frequency and constitute an autoe
spectrum,

Cross=spectra and transfer function analysls of the EEG are gen-
erally more useful tools, In our present state of knowledge, slince
they permit elucidation of functions (such as transmlisslon) which can
be more satlsfactorlly modeled at thls time than the generative pro~
cesses accessible through auto-spectral analysis, The ploneering
work of D, O, Walter (7) has offered a tantalizing glimpse of new
Insights Into cerebral function and Informatlon processing which wili
undoubtedly develop with wilder appllcation of these methods,

In an earller paper (6), In whlch spectral analysis was used,
certaln problems arose In the Interpretation, For example, the auto=-
spectra were qulte simllar for states of sleep rather casily dlffer-
entlated by visual examlnation of the EEG, While It was possible to
discern subtle difference, the spectra essentlally showed that even
though hlgh frequency activity exlsted, there was an absence of a
readlly deflnable narrow band In these hlgh frequencies; that Is, the

activity was wldely dlspersed In the higher ranges. For example, In a




lead from the reticular formation ona-~can see some slow activity

but to the eye the predominant activity looks rapid (Flg. 13).
However, the spectra demonstrate clearly that only the low frequency
actlvity Is sufficlently ordered to have focalized power, whlle the
hlgher frequencies, although obviously present, are dlspersed over a
wide range with llittle focallzed power (Flg. 1A). Whlle this Inter-
esting observation holds some promise for future understanding of
cerebral activity, It does not seem to be what the electroenceph~
alographer Is using for interpretation In any direct sense.

Added to these diffliculties are several other defects of spectral
analysis from the point of view of the cliniclan rather than the
researcher: at the present time, the spectra Is expensive to compute;
It does not achleve a sufficlent degree of data reduction; and it
does not adequately descrlibe the shape of wave processes. Ve have
attempted to clrcumvent some of these defects by derliving parameters
suggestive of Gestalt perceptions of patterns in a wave process.

The electroencephalographer as a human computer makes certain
decisions about an EEG record as he reviews 1t. He usually describes
his findings In terms of frequency and/or amplltude which are obvlously
Important, but also lncomplete; It would seem as though other factors
are also playing a significant role In the declsions belng made. For
example, why does the clinlcian respond to a burst of sharp theta as
being within the limlts of normality one time and significant of

abnormallty at another? |t would be our contentlion that the electro-
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encephalographer Is responding to at least two factors (possibly more)

that he normally does not descrlbe (or comblines under the term '"synchrony'),

One of these factors cculd be the clinical experience that thls type
of theta shows In thls area with a partlcular clinlcal syndrome,

While this type of conslideration Is of great Importance, It Involves
many problems, for example language coding, and wlll not be dealt

with In thls paper, Anofher possible factor can be that of the degree
of stabllity of the record, elfther In terms of the overall record

or the speciflc part of the record In which thls hypothetlcal theta
appears. The latter factors are amenable to computer analysls, Slnce
the electroencephalographer In vlewing a record tends to Impute an
order to éhe data whether It exlsts or not; one may consider accepting
the spectral data as the basls for calculating certain Indices of
orderlinass, We have chosen two such Indlces, the dlspersion or
bandwldth of each spectrum, and the time spread or duratfen of each
wave trace, They provide, when considered together, a useful character-

lzatlon of the stablllty of a record, a measure of lts orderllness,

STABILITY

The concept of stabllity Is related to the Idea of organlzation
or nonarandomness, For example, a sine wave Is consldered highly
stable while white nolse may be called highly unstable, There are
two Indlcatlons of thls stability In a sinesold = - the peak to peak

ampiitude stabllity.and frequency stabiilty, A measure of frequency
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stablllity Is the spread of the spectrum or the equivalent nolse band-
width (B) which wlll be narrow for highly stable functlons, such
as a sinesold, The corresponding measure of amplltude stablillity Is
the spread of power In the time domaln, or the duratlon, (7). There
are many alternatlve definitions (5) to those expressed here; the
chdlce was based on the ease of adding the computatlon to an exlsting
spectral analysls program, and the relatlve ease of developlng a
samplIng theory for the chosen statlstlcs,

The product of bandwldth and duration Is known as the uncertainty,
a quantlty which crops up In a wlde range of dlscipllnes, In statls=-
tical communlcations theory the concept appears In the number of
Independent samples necessary to define a record, Ve may characterlze
the stabillty of phenomena accordling to the distrlbution In the fleild
of uncertalinty, Hence the plot of B versus T as a functlon of time

wlill be deflned as the stablllity dlagram of a process,

METHOD

1. Mathematlical Definltlon

The underlyling mathematlical theory Is not necessary for the usage
or general understanding of the concepts of bandwldth and duratlon,
A general theory has been establlshed by Zakal (9) who deflines a
general class of bandwldth=duratlon measures, The definitlions used

In our system were chosen from those avallable In Zakal's classiflcatlon,
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Glven a sample, X(t), O<t<T, from a random process wlth a sample

spectral denslty S(f), the sample bandwidth, B, Is defined as:

oyms(f)df o?
B = 3
max [S(f) ] max [S(f) ]
where max [S(f)] !s the maxImum of the spectral density functlon,

This is ldentlcal with the equlvalent nolse bandwldth (the wldth of
a rectangular filter passlng the same spectral power as the process),

The symmetrlcal measure of duration 7, Is then:

T
OJs xz(t)dt Toz
max [X2(t)]  max (X2(f)]

With the latter definltion, to avold the dependence on epoch length
for nonatime 1imlted processes, It Is deslrable to Introduce the concept

of characteristic duratlon, D, as:

T 2

. o
D~ =

max [Xz(t)]

{1, Behavloral Aspects of B vs. T

A, Determinlstlc Functions

For nearly all familles of slmple Isolated waveforms, the B 7
product Is a constant, thus the B vs, T curve Is a hyperbola as a

functlon of the parameter defining different famlly members,
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B. Gausslian Processes:

If EEG sleep waves were the result of a summatlon of random
neuronal firings ''filtered" by the Instrumentatlion system or by the
brain Itself, the EEG would be modeled by a narrow-band statlonary
Gaussfan process (L) -= at least over moderate epoch lengths.

For these processes, the characterlstic duratlon Is a (stochastic)
functlon of bandwidth and epoch length whose expected value decreases
as a function of the degrees of freedom (the equivalent number of
independent samples) in the record. The degrees of freedom, n,
In a finite sample of length, T, from a Gausslan process of bandwidth,
3, Is approximately n = 23T - 2/3 (1) .

The expected Gausslan curve was computed by numerical Integration
and Is plotted In Flgure 2. For moderate degrees of freedom, the

characteristic duration varles slowly around a value of 0.1.

RESULTS

Before presenting results obtalned during sleep studies with
Implanted chimpanzee subjects, 1t Is possible to dlagram the relatlons
between varlious wave patterns and thelr place In the stablllty
dlagram, Flgure 2 demonstrates the varlous patterns for a selection
of deterministic and random signals. The wave forms have been placed
In the approxImate position of thelr coordinates on the stabllity

diagram. The minimum duration occurs with a single sharp splke.




Minimum bandwldth occurs with a sinusold, maximum bandwidth wlith a
splke or white nolse. Usually, frequency modulatlon of a slignal
Increases lts bandwldth; ampllitude modulation decreases lt§ duration
and Increases Its bandwldth. This can be seen In Flgure 2 when the
slnesoldal wave Is compared to the FM modulation and the AM modulation.
The relatlon of typlcal EEG patterns to each other In stablllty
are dlagrammed In Flgure 3, again, the wave forms approximate the
actual coordinates. The data shown |llustrate the extremes of patterns
found in a single night's recording from a sleeping chimpanzee,
Spectral analysls of these patterns dld not reveal signiflcant peaks
since most of the power was In the lower frequencles although, It
was possible to see local peaks. While It Is possible to discriminate
amongst adjacent patterns In the flgure, they are of the type that
visual examination would not separate in the context of a total EEG
record. Thus, thls pattern analysls reveals subtle shifts in rhythmic
behavlior of the record. It Is posslble, when using just coordinate
points, to plot the differing segments of one night for a glven
placement agalnst those records from differing placements, EEG records
were visually analysed and different stages of sleep determined,
These stages were then analysed by the computer and plotted on the
stability dlagram In terms of thelr respective bandwldths and duratlons.
The results of this analysls can be seen In Figure 4 where the letters
represent a coding of the clinlcally determined sleep stages and the

cross hatchings the electrode placements.
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Paradoxlical or dream sleep, without conslderation of Its depth,
appears close to the awake state In the mesencephallc retlcular
formation and eatorhinal cortex on the basls of these stablility
parameters. Oy contrast, there are substantlal differences between
awake and paradoxlical records from the parleto-occlipital cortex (P.0.).
However, a grezt simlllarity In stabllity exlsts between paradoxical
and drowsy stages for the parleto~occipltal cortex. DBoth the en-
torhinal and parieto-cortex leads show close grouplings for all types
of slow waves shlle the mesencephalic retlcular formation Is somewhat
spread, Note that the observed stability relationships do not tend
to cluster ahout the expected Gausslan relationshlp, further evldence
agalnst the nypothesls of linear summation of neuronal splkes for the

goperation cf EEG waves,

DISCUSS 1ON

Systematlc presentatlon of data, for elther experimental or
clinical purposes, requlres a substantial degree of consistency. The
stage at which the human observer enters Into the Interpretation of
thils data s usually where the greatest Inconslistency also appears.

At the same time, It Is necessary to acknowledge that ‘'clinical judge-
ment s of vital Importance, not only for patlents but also in ex-
perlmental sltuations. It would seem that the EEG Is a prime example
of thls type of problem. In resolutlion of thils difflculty, it becomes

obvious that, the optimal system would be one which can present EEG
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data In the most conclse and preclse form, so that only clinlcal
Judgement s required and not Interpretation of the form of the data.
Recognition of this requlrement Is evldenced by the long history

of proposed automatic systems (3,8). Unfortunately, thils history
also lmplles that for a varlety of reasons, none of the systems

have been very effectlve. The results presented above suggest that

a critical falling of such systems has been thelr Inability to
discern and comprehenslvely conslder those aspects of the pattern
propertles of the data to the extent used by electroencephalographers
In reading records, This Is not to Imply that stability Is the only
factor utllized by an electroencephalographer., Work Is currently
underway to combine the bandwldth-duration type of Informatlon with-
a computer derived frequency amplitude measure, Presumably, by
observing bandwldth,mean frequency, duratlon,and amplitude, one might
proceed to a more accurate pattern discrimlnation approxlmatlng the
clinlclan. Additlonally, this technlque may be appllicable to derived
EEG parameters such as the average of the evoked response.

At the present tlime, the bandwldth-duratlon measure as well as
the proposed frequency-amplltude measure are derlved In a fashlon
amepable to analysls wlth the large general purpose digital computer.
However, these measures {(or equivalents) could be obtalned through
analog devices, attached to normal EEG machines, and Involving

reasonable englineering requlirements.




This general approach would seem to open wlde areas for Investigatlon
In clinical and experlmental neurophyslology and psychophysiology. It Is
suggested that this or a simlla; approach has the potentlal for ful=-
fllling the early expectations and promise of the EEG. Furthermore,
technlques to differentlate subtle states of consclousness In stress and
other waking states seem necessary or further advances in our know=
ledge of human function, It Is felt the flrst step In thls dlrectlion
has been made by demonstrating the subtle differences perceptible,
after analysls, during normal sleep of the chimpanzee, Further support
for this technique has been glven by some prellmlnary stablllty analysls
of drug effects on an EEG record of a psychotlc patient by Dr. M. Fink.
These early results showed promise of quantifying subtle EEG changes
due to drugs.3
3 We wish to express our thanks to Dr, Fink for kindly permitting us
to review hls prellminary results demonstrating the utilization of

thls concept.

SUMMARY

The concept of stablllity of an EEG tracing Is Introduced as
replicating one of the major factors utllized In the clinical evaluatlon
of EEG records. The mathematlcal formulae for defining stabllity and
the theoretlcal behavior of deterministic and random processes are

presented.
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A stablllty dlagram Is shown glving typlcal distributlons for
bandwldth~duratlon relatlonships during an Implanted chimpanzee sleep
record,

A stablllity dlagram is shown for a group of electrode placements
{parleto=occlipital cortex, entorhinal cortex and mesencephallc retlcular
formatlon) demonstrating separations of EEG patterns based, Inltlally,
on observed clinlcal categorles,

The Importance and utillty of thls approach for discrimlinating
subtle changes In the EEG not consistently visible to the

electroencephalographer, are discussed.
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Figure 1-A

Spectral Analysis from implanted bipolar electrodes in the
mesencephalic reticular formation of the chimpanzee during three
different states of consciousness, Awake, Deep,and Paradoxical

Sleep,

Figure 1B
Sample EEG tracings from the mesencephalic reticular formation

during different states of consclousness,
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Figure 2

Distribution of known signais when bandwldth Is plotted versus

characterlstic duration,
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Figure 3

DIstribution of EEG tracings, during one night of sleep, plotted
as bandwldth (B) versus duration (D). Coordinates for each tracing
are directly above the respective tracing, Records are from the
mesencephallc reticular formation (MBRF), the entorhlnal cortex

(ENT. CX.), and the Hippocampus (L. HIPP),
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Figure &4

Plots of coordinates taken from visually evaluated EEG states,
Awake (A), Drowsy (D), Waking (W), Paradox!cal Sleep (P), Siow Wave
sleep with more or less splndle activity (SL,SP,SS)., Cross hatchlngs
represent different electrode placements, P=0 CORTEX Is a parieto=
occipital skuil screw, ENT, CORTEX is a deep electrode In the

entorhinal cortex, and MBRF Is a deep electrode In the mesencephalic

reticular formation,




